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ABSTRACT
Surface-enhanced Raman spectroscopy (SERS) has been increasingly utilized
as an analytical technique with significant chemical and biological applica-
tions due to its high sensitivity, selectivity and accuracy. As nanotextured
surfaces play a key role in SERS, production of highly sensitive, low cost,
uniform, high throughput and biologically compatible SERS substrates and
evaluation of the performance of SERS substrates remain as important issues
for industrialization of SERS. This thesis presents the fabrication, modeling
and characterization of two kinds of SERS substrates: one has a nanoconic
surface structure, which we call black silver, and the other consists of plas-
tic replica molded pyramids, which we call SERS pyramids. The Raman
enhancement factor is calculated as 6.38×107 for black silver and 1.6×106
for SERS pyramids. In addition, two exemplary applications of black sil-
ver SERS substrates—the detection of contaminants leached from lab-use
plasticware and peptide label-free sensing—are demonstrated.
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CHAPTER 1
INTRODUCTION
1.1 Surface-enhanced Raman scattering and
spectroscopy
Raman scattering, or the Raman effect, is the inelastic scattering of a pho-
ton. Discovered by Sir Chandrasekhara Venkata Raman and Kariamanickam
Srinivasa Krishnan in liquids [1], and by Grigory Landsberg and Leonid Man-
delstam in crystals [2], Raman spectroscopy (RS) employs the Raman effect
for materials analysis. The frequency of light scattered from a molecule is
based on the structural characteristics of the molecular bonds. Thus RS
provides a fingerprint by which the molecule can be identified. The Raman
spectra for rhodamine 6g (R6g) and benzenethiol are shown in Fig. 1.1 [3].
Figure 1.1: Background removed Raman spectra of neat benzenethiol (red
curve) and rhodamine 6g solution with the concentration of 10 mM.
Adapted from [3].
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In the classical explanation of Raman scattering, light is treated as an
electromagnetic wave and the molecule is modeled as an oscillating dipole
whose polarizability depends on the displacement [4]. The incident light can
be described by Equation 1.1:
E(x, t) = E0cos(ωt− kx) (1.1)
The induced dipole is µ = α ·E, where α is the polarizability tensor. Substi-
tute in the electric filed of light, µ = α·E0 ·cos(ωLt). The polarizability tensor
depends on the conformation of the molecule; it changes as the molecule vi-
brates, such that α = α(Q), where Q is the vibrational coordinate. We can
Taylor expand α and get α = α0 + [
∂α
∂Q
] ·Q + . . ., where Q = Q0 · cos(ωM t).
By substituting α, we can calculate the induced dipole as follows:
µ = α ·E0 · cos(ωLt) + [ ∂α
∂Q
] ·Q0 ·E0{cos[(ωL−ωM)t] + [(ωL−ωM)t]} (1.2)
From Equation 1.2, we can see that the three terms represent three different
frequencies of the emitted light. The first term shows that the frequency of
the emitted light is the same as the incident light, which is called the Rayleigh
scattering. For the second and third terms, there is a shift of the frequency
of the emitted light from the incident light, which is called Stokes scattering
and anti-Stokes scattering accordingly.
As a general purpose analytical method, Raman spectroscopy spans a
broad range of applications that include protein-protein interaction analy-
sis, DNA/RNA hybridization, aptamer conformational change, viral particle
detection, bacteria identification,water contamination detection and detec-
tion of explosives [5],[6]. However, a small fraction of the scattered light
(approximately 1 in 10 million photons) is scattered by an excitation [7],
with the scattered photons having different frequencies. Therefore, RS is
ineffective for surface studies because the photons of the incident laser light
simply propagate through the bulk and the signal from the bulk overwhelms
any Raman signal from the analytes. Surface-enhanced Raman spectroscopy
(SERS) is a surface sensitive technique that results in the enhancement of
Raman scattering by molecules adsorbed on rough metal surfaces. Increases
in the intensity of the Raman signal have been regularly observed on the
order of 104∼106, and can be as high as 108 and 1014, which allows the
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technique to be sensitive enough to detect single molecules [8]. The SERS
enhancement enables Raman scattering spectra to be gathered rapidly with
substantially less laser power and lower sample concentration, resulting in
many detection applications becoming more feasible, provided that the ana-
lytes have an opportunity to come into contact with the SERS-active surface.
There are several more advantages of SERS. First, the near-field electromag-
netic field enhancement in SERS only occurs at the interface of the tethered
biomolecule probes and the solid state substrates; therefore, the measure-
ments are immune to molecular interference even only 100 nm beyond the
surface. Additionally, no labeling on the biological sample is required in
the entire measurement process. Furthermore, in comparison to fluorescence
measurements, no optical quenching or photobleaching is present for SERS
detection, which permits continuous high-reliability observations [9].
SERS from pyridine adsorbed on electrochemically roughened silver was
produced by Martin Fleischman and coworkers in 1974 [10]; they identified
the enhanced signal simply as a result of increase of the area of the surface.
This could explain the high enhancement on the order of 104∼106. In 1977,
two groups independently proposed a mechanism for the observed enhance-
ment, which still constitutes the underlying principle for the modern theories
of the SERS effect. Jeanmaire and Van Duyne proposed an electromagnetic
effect [11], while Albrecht and Creighton proposed a charge-transfer effect
[12]. But the exact mechanism of the enhancement effect of SERS is still a
matter of debate in the literature.
According to the electromagnetic theory, the increase in intensity of the
Raman signal for adsorbates on particular surfaces occurs because of an en-
hancement in the electric field provided by the surface. When the incident
light in the experiment strikes the surface, localized surface plasmons are
excited [11]. It is generally agreed that the SERS enhancement can be ap-
proximated by the electromagnetic mechanism due to the enhanced elec-
tromagnetic fields originating from the localized surface plasmon resonance
(LSPR) effect on both the incident laser and the Raman scattered radiation
frequency from the analyte molecules on metal nanostructures. Such theo-
retical SERS enhancement has been described by the following expression:
EFsers ∝ |Eloc(ωex)|
2 |Eloc(ωs)|2
|Eo(ωex)|2 |Eo(ωs)|2
(1.3)
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In Equation 1.3, Eloc(ωex) is the amplitude of the enhanced local electric
field at the laser excitation frequency, E0(ωex) is the amplitude of the incident
electric field (provided by the laser) at the laser excitation frequency, Eloc(ωs)
is the amplitude of the enhanced local electric field at the Raman scattered
frequency, and Eo(ωs) is the amplitude of the electric field at the Raman
scattered frequency (radiated by the analyte molecules).
To give an example to show the electromagnetic field enhancement in the
proximity of surface nanostructures, the result of the 3-D simulation of the
electric field distribution between two adjacent nanodomes within the array
is shown in Fig. 1.2 with the scale bar on the right side representing the
normalized amplitude of the scattered electric field with respect to the in-
cident electric field amplitude [5]. Finite element method (FEM) modeling
using a commercially available software package (COMSOL Multiphysics)
was utilized to map the electric field distribution around the nanodomes.
The regions of enhanced electric field are clearly visible in the area between
adjacent nanodomes where the separation distance is minimum, as expected
due to the coupling effect of LSPR field enhancement.
Figure 1.2: 3-D FEM simulation of the electric field distribution around the
Ag nanodome particles. Scale bar on the right side represents the
normalized amplitude of the scattered electric field with respect to the
incident electric field amplitude. The nanodome arrays were excited with
an incident plane wave at 785 nm, propagating in the z direction with
linear polarization in the x direction. The nanodome array was modeled as
a dimer structure with symmetric boundary conditions on the sidewalls of
the simulation boundary. Adapted from [5].
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The electromagnetic theory disregards the molecule, so it cannot fully ex-
plain the magnitude of the enhancement observed in some cases. For many
molecules, especially those with a lone pair of electrons, a different mecha-
nism of enhancement is proposed. This chemical mechanism involves charge
transfer between the chemisorbed species and the metal surface. The chemi-
cal mechanism only applies in specific cases and probably occurs simultane-
ously with the electromagnetic mechanism [13].
The electromagnetic effect is dominant; the chemical effect on enhance-
ment is only on the order of 101∼102. The electromagnetic enhancement
is dependent on the metal surface’s nanostructures, while the chemical en-
hancement is due to chemisorption of the analyte [14].
1.2 Black silver SERS substrate
The black silver substrate with dense and homogeneous nanocone forest
structure is fabricated on the wafer level with a mass producible nanomanu-
facturing method. In sharp contrast to highly reflective silver films or silver
nanoparticles with plasmon resonance modes only at a few specific wave-
lengths, the low reflecting black silver substrate is able to efficiently trap and
convert incident photons into localized plasmons in a very broad wavelength
range. The unique physical property of the black silver substrate permits
the suppression of optical reflection in the UV to NIR range by 9 times,
with a Raman scattering enhancement factor as high as 6.38×107 and vis-
ible fluorescence enhancement factor of about 30. The high sensitivity and
uniformity of black silver substrate allow detection and quantitative analysis
of tiny amounts of analytes. We show the potential of the black silver in
high sensitivity and broadband optical sensing of molecules [15]. Our goal
is to develop SERS sensors with ultra-high sensitivity, high throughput and
reproducibility, that are affordable for household use and for purposes such
as cancer diagnosis and toxin detection.
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1.3 Micropyramids SERS substrate
We demonstrate gold-coated surface enhanced Raman scattering (SERS)
substrates with a pair of complementary structures: positive and inverted
pyramids array structures fabricated by polymer replication of each other.
The SERS enhancement factors were measured as 7.2×104 for the positive
pyramids substrate and 1.6×106 for the inverted pyramids substrate with
rhodamine 6g as the target analyte. Based on optical reflection measurement
and FDTD simulation result, we propose two explanations for the enhance-
ment factor difference. One is attributed to plasmon resonance matching and
the other is attributed to SERS “hot spots” distribution. The advantages
and disadvantages of this technique are discussed and the future work is pro-
posed. With this simple, fast and versatile complementary molding process,
we can produce SERS substrates with low cost and high throughput.
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CHAPTER 2
BLACK SILVER SERS SUBSTRATE
2.1 Overview
Black silver refers to silver-coated black silicon. Black silicon is the sili-
con surface modified to have extremely low optical reflectivity from visible
to infrared range and thus appears black [16]. Recently its applications in
highly sensitive photodiodes, super-hydrophobicity and biomedical sensing
have been actively pursued [17],[18]. Black silicon can be made by reactive
ion etching (RIE) or femtosecond laser machining [19]. On the other hand,
the plasmonic enhancements on roughed coinage metal surfaces (silver, gold)
are known as surface enhanced fluorescence (SEF) and surface enhanced Ra-
man scattering (SERS) [3],[20]. The enhancement is related with surface
plasmon resonance (SPR) determined by the optical constant, size and ge-
ometry of the metal surface and surrounding media [4]. Coinage metals have
appropriate optical constants for SPR in visible or near infrared (NIR) range
[4]. The nanostructures boost the optical enhancement with sharp tips by
“lightning-rod” effect and plasmon coupling between adjacent particles [4].
With a reactive ion plasma etching method, we produce nanocone struc-
tured black silicon with wafer scale uniformity at room temperature in a short
time and with no need of photomask. The black silver is completed by de-
positing a layer of silver on the black silicon. We call it black silver because it
looks much darker than smooth silver. The enhanced broadband optical ab-
sorbance and photon trapping are demonstrated by comparing the reflectance
spectra in the wavelength range from 200 nm to 800 nm on smooth silver and
black silver. The fluorescence enhancement is characterized by comparing
the fluorescence spectra of rhodamine 6g (R6g) molecules adsorbed on black
silver and smooth silver. Furthermore, SERS detection of R6g and oligopep-
tides are demonstrated, exhibiting an enhancement factor up to about 108
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with a potential in highly sensitive label-free sensing.
2.2 Fabrication process of black silver
With our unique simultaneous plasma etching-passivation method, we man-
age to reproduce batches of nanocone structured black silicon with whole
wafer scale uniformity at room temperature in a short time and with no
need of photomask (Fig. 2.1). Shown in Fig. 2.2, the nanocone forest struc-
ture is produced by O2 and HBr mixture plasma etching, in which HBr plays
the role of etching while O2 plays the role of oxidized passivation. In this
process, the aspect ratio and the etching rate of the silicon nanocones can be
controlled by O2 passivation time, flux rate, and HBr etching time [18].
Figure 2.1: Black silicon produced by HBr-O2 RIE process. (a) Photograph
of 4 inch black silicon wafer and untreated silicon wafer (100). (b) Scanning
electron microscopy (SEM) image of nanoconic surface structure of black
silicon.
With this etching-passivation process, we can reliably produce the dense
and uniform nanocones all over the single crystalline silicon wafer (<100>
n-type), which makes the whole wafer “black” as shown in Fig. 2.1(a). The
nanocone structure is the key to produce perfectly black silicon as this spe-
cial structure provides a graded optical reflective index layer on the surface
to eliminate the reflection due to mismatch of dielectric constants at the
material interface. To make the plasmonic black silver substrate, we deposit
silver with e-beam evaporation on top of the black silicon. Before silver evap-
oration, we remove oxide on top of those nanocones by immersing the black
silicon in buffered oxide etch (BOE) for a few minutes. In Fig. 2.3(c), we can
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see the silver tends to accumulate on the tips of nanocones like beads.
Figure 2.2: Black silicon and black silver fabrication process. (a) Untreated
silicon wafer (100). (b)-(d) Treatment silicon with mixture of HBr and O2,
nanocones forming, black silicon produced. (e) Removal of oxide with BOE.
(f) Evaporation of silver on black silicon to make black silver.
In a word, HBr is for etching silicon and O2 is for oxidization of silicon
to protect it from HBr. The oxide tends to accumulate at certain regions to
work as a protective umbrella underneath which a cone is formed while the
surrounding exposed area is etched down. The protective oxide umbrella can
be seen as the brighter dots on the tips of silicon nanocones in Fig. 2.1(b).
The oxide is brighter in SEM because it is less conductive than silicon and
thus tends to collect more charge.
In plasma, the chemical equation for etching is:
Si + 4Br− = SiBr4 + 4e− (2.1)
The chemical equation for passivation is:
Si + O2 = SiO2 (2.2)
2.3 Optical characterization and simulation
Figure 2.3(c) shows the scanning electron microscope (SEM) image of the
cross-section of the black silver substrate, in which we can see the darker
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silicon nanocone forest covered by a layer of brighter silver on top, especially
on the tips of cones. The nanocones are around 500 nm tall, 180 nm wide
at the base. The spacing between two adjacent silicon nanocones without
silver coating is about 100 nm and the spacing is reduced to sub-50 nm
after silver coating. This nanomanufacturing technology can be combined
with photolithography, and thus the nanocones structured black silicon area
can be patterned to certain regions on the wafer, shown in Fig. 2.3(a). In
macroscale, we observed by naked eye that while silver coated smooth silicon
or the smooth silver substrate looks bright and shiny like a mirror, the silver
coated black silicon substrate looks much darker and not shiny as shown by
the squares in Fig. 2.3(a). For this reason we name the structure black silver
substrate.
Figure 2.3: Characterization of black silver. (a) Photograph of square array
patterned black silver. The shining spot in the center square is induced by
a laser. (b) Reflectance spectra of black silver, smooth silver and smooth
silicon wafer at normal incidence. (c) Side view SEM image of the cross
section of black silver. (d) 2D FDTD simulation to show electric field
distribution around black silver structure, excitation at 785 nm. Adapted
from [15].
To quantify the optical reflectance and absorbance of black silver sub-
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strates, we measured and compared the reflectance spectra in the wavelength
range from 200 nm to 1100 nm with a UV-Vis-IR optical spectrophotometer
(Varian Gary 5G). According to Fig. 2.3(b), the differences in reflectance
between smooth silver, black silver and smooth silicon wafer are significant;
the reflectance of smooth silver is above 90% while the reflectance of black
silver is below 15% in the entire wavelength range, a decline by a factor of 6.
To demonstrate the local electromagnetic field enhancement for SERS,
FDTD two-dimensional electric field distribution around silver covered silicon
nanocone structure is shown in Fig. 2.3(d). Although the real nanostructures
do not have perfect periodicity as drawn in the simulation, the simulation
for electric field enhancement should still represent the case in the actual
silver coated nanocone substrate in principle. The localized electromagnetic
field distribution agrees for both simulated and actual nanostructures as they
share the basic nanoscale profiles and material properties. The only discrep-
ancy between the simulated and actual cases is the resonance modes for
period photonic crystals which does not exist in the actual pseudo-randomly
distributed nanocone arrays.
With the incident 785 nm transverse magnetic (TM) polarized plane wave
propagating in the -Y direction, the excited scattering electric field is cal-
culated. The color bar on the right of Fig. 2.3(d) indicates the normalized
amplitude of the scattering electric field with respect to the amplitude of the
electric field of the incident wave. We can see that the scattering electric
field is largely enhanced in the regions between adjacent silver beads due to
the coupling effect. The maximum electric field enhancement which is in the
proximity of the bead surface can reach 160 times.
2.4 SERS enhancement factor and uniformity
measurement
SERS enhancement factor (EF) is an important criterion to evaluate the
sensitivity. In order to experimentally measure the SERS enhancement factor
for the black silver substrates, a concentration series of R6g molecules (1 nM
- 10 µM) were deposited on a SERS sensor surface. To serve as the reference,
1 mM R6g was also deposited on a silicon wafer. All the spectra are taken
with integration time of one second and the fluorescence background has been
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removed from the spectra with an automated iterative polynomial fitting
algorithm [21].
Figure 2.4: SERS spectra of R6g molecules ranging from 1 nM to 10 µM on
the substrates made by nanosphere lithography and 1 mM R6g on the
silicon wafer for reference. (The reference spectrum was multiplied by a
factor of 5 in the plot.) Adapted from [15].
The experimentally measured enhancement factor (EF) for a SERS system
is given as [22]:
EFsers =
Isers/Nsurf
Iref/Nbulk
(2.3)
where Isers is the surface enhanced Raman intensity, Nsurf is the number
of molecules within the enhanced field region of the metallic substrate con-
tributing to the measured SERS signal, Iref is the Raman intensity from the
reference region, and Nbulk is the number of molecules within the excitation
volume of the laser spot for the analyte on the reference region. Using the
volume fraction of the hot spot and the SERS intensity from the 1370 cm−1
peaks of 1 nM R6g on the SERS active region and 1 mM R6g on the reference
region for Isers and Iref , in Fig. 2.4, respectively, the spatially averaged EF
of our substrate was calculated to be 6.38×107. This EF is not very high
compared with previous literature. As we calculate spatially averaged EF,
all analyte molecules within the excitation laser spot volume are assumed to
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contribute equally to the measured SERS signal. But according to the elec-
tromagnetic theory, the enhancement of Raman scattering happens at the
region where the electric field is enhanced. In other words, only some hot
spots give the enhancement. As we can see in Fig. 2.3(d), the hot spots exist
in the region between two neighboring particles or in proximity to the sharp
tips. That means only a small portion of the substrate actually contributes
to the enhancement. The EF will be much higher if we consider the EF only
at those hot spots.
The repeatability and uniformity of SERS signal across the SERS sub-
strate is an important parameter for designing a robust SERS substrate.
We describe the uniformity experiments with the standard Raman molecule
benzenethiol (C6H6S), due to its readiness to form a uniform self-assembled
monolayer (SAM) on noble metal material such as silver and gold [23],[24].
The substrates were submerged in 4 mM solutions of benzenethiol made with
ethanol for 1 h and then gently rinsed in neat ethanol for 1 min, followed by
drying under a stream of nitrogen.
Figure 2.5: (a) 2-D scanning SERS data for the substrate made by
nanosphere lithography obtained using 35.0 mW of 785 nm pump power
and 1 s integration time. (b) 2-D scanning SERS intensity distribution for
1573 cm−1 Raman peak-distribution (mean of 890 + 137). Adapted from
[3].
.
The SERS substrate was mounted on a motorized platform which was
controlled by LABVIEW. The sample was scanned for a total of 57 data
points and at each point, the measurement was repeated 4 times (total sample
space of 228 points). Figure 2.5(a) reports the 2-D scanning result. The
scanning scheme is given in the inset.
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The SERS peak intensity distribution for a typical peak (1573 cm−1) ob-
tained using 35.0 mW of 785 nm pump power and 1 s integration time is
reported in Fig. 2.5(b). This is to show the uniformity of the SERS sub-
strate.
2.5 Fluorescence enhancement
To demonstrate fluorescence enhancement on the black silver, we deposit
R6g solution with the concentration of 10 µM on black silver, smooth silver
and glass slide, let dry and excite the fluorescence with green light (550 nm
center wavelength). The image is taken with a microscope objective lens
with 20x magnification and numerical aperture (NA) of 0.5. Figure 2.6(a)
is the intensity image taken on the square array patterned black silver. Ob-
viously, the intensity on the black silver square region is higher than the
surrounding smooth silver region, which is also illustrated in Fig. 2.6(b), the
intensity profile across the white dashed line on Fig. 2.6(a). Figure 2.6(c) is
the fluorescence intensity image on the edge of a R6g drop stain on uniform
non-patterned black silver. The red region is covered by R6g and uniform
molecule distribution ensures fair intensity comparison. In Fig. 2.6(d), the
comparison of fluorescence emission spectra over the entire microscopic field
of view (400 µm ×400 µm) taken on uniform black silver, smooth silver and
regular glass slide, all captured with the integration time of 5 seconds, we see
that the intensity is much stronger on black silver than on smooth silver or
glass slide. After subtracting the background, we divide the area under the
spectra curve from 600 nm to 700 nm of black silver by that of smooth silver
and glass slide. The fluorescence enhancement of black silver is calculated as
15 times that of smooth silver and nearly 30 times that of glass slide. In most
metal enhanced fluorescence, like with gold particles, the emission photons
are not likely to be trapped; therefore, most emission photons are acquired
by detector. However, with the photon trapping property, black silver may
trap most emission photons within the nanocone forest, preventing their de-
tection. But in this case we still observed 30 times fluorescence enhancement.
We propose an explanation for this: Most fluorescence emission photons are
converted into plasmons and later re-emitted through the plasmon scattering
which accounts for the 10% “reflectance” measured from the black silver.
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Figure 2.6: (a) Fluorescent image on square array patterned black silver.
(b) Intensity profile across the white dashed line on (a). (c) Fluorescence
image on the edge of R6g on a uniform black silver substrate. (d)
Fluorescence spectra of R6g on smooth silver, glass slide and black silver.
Adapted from [15].
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CHAPTER 3
PYRAMIDS SERS SUBSTRATE
3.1 Overview
The most important role in SERS is played by the roughed metal surface,
which can enhance the Raman scattering of molecules adsorbed or in proxim-
ity to the surface. In terms of the material, the coinage metals including gold,
silver and copper are most commonly used as the enhancing metal because
their plasmonic resonance in the visible to near-infrared range can further
boost the scattering enhancement when the excitation light is in the corre-
sponding wavelength range [22],[25]. In addition to the material, the surface
structure is also critical. According to the electromagnetic field enhancement
theory, the enhancement factor is proportional to the fourth power of the am-
plitude of local electric field [22]. To get maximum local field enhancement,
sharp tips and closely packed particles are preferred to create “hot spots” for
SERS [26]. Furthermore, the plasmonic properties of the metal surface are
also affected by the morphology of surface [27],[28],[29]. As a result, extensive
effort has been spent on the design, modeling, fabrication and characteriza-
tion of Raman enhancing metal surfaces, which we call SERS substrates, for
decades since the electrochemically roughened silver electrodes used as the
first SERS substrate [10]. With the advancements in nanofabrication, differ-
ent structures of SERS substrates are produced with a variety of techniques.
We can roughly divide the structures into two categories: the random struc-
ture and well patterned structure. The random types include colloid metal
particles cluster, nanopillar made with anodized aluminum oxide (AAO) tem-
plate and glancing angle deposition, dark silver produced by plasma etching
and so on [15],[26],[30],[31]. The well patterned types include synthesized
metal particle pairs and a variety of nanostructure arrays made with pho-
tolithography, ebeam lithography, assembling nanosphere lithography, deep
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reactive ion etching, soft lithography and other methods [32],[33]. Compared
with random structures in terms of fabrication, well patterned structures
are more predictable, tunable and reliable, but the cost is higher and the
throughput is much lower. Plastic replica molding provides a solution for
the weakness of well patterned structures as it can promote replication of
nanoscale structures over large areas in a rapid and cost-effective manner
and potentially facilitate their integration in lab-on-a-chip devices [33].
The idea of making SERS substrates by plastic molding has been pro-
posed for years and some efforts have been made to produce them [34],[32].
However, the limitations hindering its broad application were soon realized.
Firstly, the plastic itself will give Raman peaks which will interfere with the
target analyte. Secondly, as the plastic may be easily melted by the focused
laser beam, which is to excite the Raman signal, the nanostructure will be
damaged. Thirdly, the templates for molding, which are usually textured
silicon wafer, cannot be used infinitely. The silicon template is usually diffi-
cult and expensive to fabricate and will wear away after a certain number of
moldings. Even worse, most templates are scrapped when a portion of plas-
tic get stuck to the template because it is hard to remove without breaking
the nanostructure. To overcome these problems, we propose a complemen-
tary templated molding process (CTM). The basic idea of CTM is, instead
of using silicon wafer as molding template, we use the plastic replica itself
as the molding template to make its complementary replica. Then we use
this complementary replica as a molding template to make the replica with
the original structure again. In this way, the silicon template has to be
used only once at the beginning. Considering that the inverted pyramids
array structure of the commercial Klarite SERS substrate, which has been
demonstrated to have uniform enhancement factor (EF) about 106 [35],[36],
is very suitable for replication, we choose it as the original molding template
to make a positive pyramids replica. Then we can make a complementary in-
verted pyramids replica by molding the positive pyramids replica. Since the
inverted pyramids replica has the same structure as the Klarite substrate, it
should have the same optical properties and SERS performance as well. To
solve the melting issue, we choose ultraviolet (UV) curable polymer instead
of thermal cure polymer as the substrate plastic since it is more rigid and
less vulnerable to heat after curing. Furthermore, since the pyramids are in
sub-micron scale rather than nanoscale, they will not be affected too much
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by slight deformation. To avoid the interference from the polymer Raman
signal, we make sure the metal coating is thick enough to prevent light from
reaching the plastic, which also works as a heat sink due to gold’s excellent
thermal conductivity.
To investigate the plasmonic properties of the substrates, we take a re-
flection spectra measurement and run finite element time domain (FDTD)
simulation for the positive and inverted replica SERS substrate and Klarite
substrate. Both measurement and simulation show the reflection spectra for
inverted pyramids replica and Klarite substrate have a dip around 785 nm,
which is the excitation wavelength we use for SERS, while not seen for the
positive pyramids replica. This is predictable since the Klarite substrate is
intentionally designed to be resonant at 785 nm [35],[36]. Accordingly, in
SERS measurement, both inverted pyramids replica and Klarite substrate,
in resonance with excitation, show the EF of 1.6×106 while the positive pyra-
mids, off resonance, show much smaller EF of 3.2×104. However, this is not
to say the positive pyramids is worse than inverted pyramids in SERS but
rather that, under this geometry, the inverted pyramids replica is more reso-
nant at 785 nm. Actually, the positive pyramids replica may have more field
enhancement benefit due to the sharp tips of the pyramids if tuned to be in
resonance [34],[37].
Stated briefly, we propose our complementary template molding as a re-
liable, simple, fast, low cost, high throughput and high yield approach for
SERS substrate mass production.
3.2 Fabrication process
Figure 3.1 is a cross section of the fabrication process of positive and inverted
replica SERS substrates. All the replication processes are carried on using
low force at room temperature to produce a large area of uniform sub-micron
structure in several minutes. First of all, we formed the inverted pyramids
silicon substrate by removing the gold coating from Klarite SERS substrate
with gold etcher for 10 minutes at room temperature. Figure 3.2(a) shows a
photograph of the original Klairte SERS substrate, while Fig. 3.2(b) shows
substrate after gold removal. This is the primitive template. The well-
known method of creating inverted pyramids arrays on silicon is potassium
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hydroxide (KOH) anisotropic etching following photolithography [36],[38].
The process of producing a positive pyramids replica is shown in Fig. 3.1(a-
c).
Figure 3.1: Fabrication process of positive and inverted pyramids replica
SERS substrates. (a) Inverted pyramids silicon template. (b) Polymer
molding on silicon master and cured by UV illumination. (c) Positive
pyramids replica after peeled off. (d) Positive pyramids template made by
e-beam evaporation of 20 nm SiO2 onto positive pyramids replica. (e)
Polymer molding on the positive pyramids template and cured by UV
illumination. (f) Inverted pyramids replica after being peeled off. (g)
Inverted pyramids SERS substrate completed by deposition of 10 nm of
titanium followed by 200 nm of gold onto inverted pyramids replica. (h)
Positive pyramids SERS substrate completed by deposition of 10 nm of
titanium followed by 200 nm of gold onto positive pyramids replica.
Firstly, the silicon mold template was immersed in dimethyl dichlorosilane
solution for 5 min followed by ethanol and de-ionized (DI) water rinse. This
treatment creates a hydrophobic silane layer on the silicon template surface
which prevents the cured polymer replica from adhering and therefore pro-
motes clean release of the replica. Then a 250 µm thick flexible polyethylene
terephthalate (PET) sheet was placed on top for peeling off later on, and a
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Teflon roller was used to press and distribute the liquid polymer layer evenly
between the silicon mold and the PET sheet. The liquid polymer, which con-
formed to the shape of the features on the wafer, was subsequently cured to
solid state after being exposed to UV light for 90 seconds. After curing, the
molded structure was released from the wafer by peeling away the PET, re-
sulting in a polymer complementary replica of the silicon substrate adhering
to the PET sheet, which is the positive pyramids array replica.
Figure 3.2: Photographs of (a) Klarite SERS substrate. (b) Klarite SERS
substrate with gold coating removed as inverted pyramids silicon template.
(c) Completed positive pyramids replica SERS substrate with gold coating.
(d) Completed inverted pyramids replica SERS substrate with gold coating.
With this replica as the molding template, we produced the inverted pyra-
mids array using the same replication processes on the silicon template,
shown in Fig. 3.1(d-f). But if we directly mold the positive pyramids replica
with the same polymer, they are likely to adhere together and are thus dif-
ficult to take apart. To circumvent this problem, before the replication we
deposited a layer of silicon dioxide with thickness of 20 nm onto the posi-
tive pyramids replica, then treated it with dimethyl dichlorosilane solution to
make it hydrophobic as we did for silicon substrate. The inverted pyramids
replica turned out to be very seperatable from the positive pyramids replica.
In the same way, we managed to produce positive a pyramids replica again
with the inverted pyramids replica as a molding template. So far we demon-
strated the two kinds of replica can work as templates for each other; thus, we
call these processes complementary templated molding (CTM). The silicon
template is not needed for the molding process after being used only once
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at the beginning. The silicon template is usually difficult and expensive to
fabricate and will wear away after a certain number of molding. Even worse,
most templates are scrapped when a portion of plastic gets stuck to the tem-
plate because it is hard to remove without breaking the nanostructure. With
CTM, we are able overcome this problem.
For the plasmonic enhancement of Raman scattering, we need to coat
the replica substrate with coinage metal. We chose to deposit gold with
ebeam evaporation due to its resistance to oxidation compared with silver
and copper. To promote the adhesion, we first deposited 10 nm of titanium
with evaporation rate of 0.05 nm/s onto the polymer substrates followed
by deposition of 200 nm of gold with evaporation rate of 0.5 nm/s. For
several reasons, we intentionally evaporated gold with extensive thickness.
The first thing we consider is to avoid interference from the polymer. If the
gold is too thin, the light can transmit to reach the polymer underneath
and excite Raman scattering of polymer which may interfere with Raman
spectra of the target analyte. The second thing to consider is the heat.
When a laser beam is focused on the SERS substrate, the heat may build
up and melt the polymer. Gold also works as a heat sink here due to its
excellent thermal conduction. The SERS substrates are completed after gold
deposition. Figure 3.2(a)(b) are photographs of the positive pyramids replica
SERS substrate and Fig. 3.3(a) and (b) are SEM images of it. Figure 3.2(d) is
a photograph of the inverted pyramids replica SERS substrate and Fig. 3.3(c)
and (d) are SEM images of it.
3.3 SERS measurement
To experimentally interrogate the Raman scattering enhancing property of
our pyramids SERS substrate, R6g was used as the target analyte. We
dropped R6g solution with different concentrations on the substrates and let
it dry. Then it was excited with a laser diode with the wavelength of 785
nm and power of 30 mW. The scattered light was sent to a spectrometer
after the excitation light was filtered out. All the spectra were acquired with
the integration time of 5 s. To make sure of the repeatability and reliability
of the measured results, on each sample we took multiple measurements at
different locations and averaged the spectra. Every curve in Fig. 3.4 is an
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Figure 3.3: SEM of pyramids replica. (a) Inverse pyramids replica. The
inset is zoomed-in image. (b) Inverse pyramids replica with 200 nm gold
deposited. (c) Positive pyramids replica. The inset is zoomed-in image. (d)
Positive pyramids replica with 200 nm gold deposited.
averaged spectrum. We also took Raman spectroscopic measurement of R6g
on Klarite SERS substrate and smooth silicon wafer for reference.
Figure 3.4: Raman spectra of R6g with different concentration (100µM,
10µM, 1µM, 100nM) on positive pyramids replica SERS substrate (a) and
inverted pyramids replica substrate (b).
Figure 3.4(a) and (b) show the Raman spectra of R6g with the concentra-
tions of 100 nM, 1 µM, 10 µM and 100 µM on positive and inverted pyramids
SERS substrates respectively. One thing we notice is that higher concen-
tration gives higher Raman peaks, which is predictable for higher molecule
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density. The other thing we see is that the inverted pyramids SERS sub-
strate gives higher Raman peaks than positive pyramids SERS substrate at
the same R6g concentration, especially at the concentration of 1 µM where
Raman peaks are hard to see for positive pyramids but still significant for
inverted pyramids. But Klarite substrate shows almost identical Raman in-
tensity as our inverted pyramids substrate. We proposed two explanations
for this. One is plasmon resonance, supported by both our reflection mea-
surement and simulation result. The other is Raman “hot spot” distribution,
supported by the simulation result.
To quantitatively demonstrate the Raman enhancement, we precisely cal-
culated the enhancement factors of positive and inverted pyramids substrates
as well as Klarite substrate by comparing the intensity of R6g major charac-
teristic Raman peak at the wavenumber of 1370 cm−1 and at the concentra-
tion of 1 µM. As the reference, 1 mM R6g solution was deposited on smooth
silicon wafer. To get the precise intensity of peaks, we removed the fluores-
cence baseline using an iterative multi-polynomial fitting algorithm [21]. The
experimentally measured enhancement factor is given in Equation 2.3. The
number of molecules N is calculated as:
N = pir2hcNA (3.1)
where r is the radius of the excitation laser spot, h is the thickness of the
R6g spot on the reference region, c is the molar concentration of the R6g
analyte on the reference region, and NA is Avogadro’s number.
The spatially averaged Raman enhancement factor is measured and cal-
culated as 7.2×104 for positive pyramids substrate and as 1.6×106 for both
inverted pyramids substrate and Klarite substrate.
3.4 Optical characterization and simulation
To answer the question why the measured SERS enhancement factor is
stronger on inverted pyramids than on positive pyramids, we investigated
the substrates’ reflective properties by experimental measurement and com-
puter simulation.
The optical reflection measurement was taken on a micro-spectroscopy
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workstation with non-polarized white light for illumination. The reflected
light was collected by an objective and sent to a spectrometer for analysis.
The reflection spectrum was normalized with the spectrum of illumination
light.
The red solid curve in Fig. 3.5(a) stands for the measured reflection spectra
on positive pyramids SERS substrate while the one in Fig. 3.5(c) stands for
that on inverted pyramids SERS substrate. The blue solid curve in Fig. 3.5(c)
stands for the measured reflection spectra on Klarite SERS substrate. In
Fig. 3.5(c), we can see that the reflection spectra for inverted pyramids SERS
substrate (red curve) and Klarite SERS substrate (blue curve) have similar
profiles and both of them have a dip around 785 nm. This is predictable
since the inverted pyramids substrate is a replica of Klarite SERS substrate,
which is designed and optimized to be at resonance of 785 nm [36],[35]. That
means more energy will be trapped so there is more potential for SERS if
excited with 785 nm laser. In comparison, the positive pyramids substrate
does not show any dip at 785 nm but shows one at 810 nm, red curve in
Fig. 3.5(a), indicating it is not in resonance at 785 nm. We propose that
this is one reason why the SERS enhancement factor of inverted pyramids is
higher than that of positive pyramids when excited with 785 nm laser.
To simulate the reflection spectra in the FDTD model, we sent in a nor-
mal incident plane wave from the top in Gaussian pulse in time domain. The
polarization is along the square edge (Fig. 3.5). We acquired the reflection
spectra by normalizing the Fourier transform of reflected power through a
plane above the pyramids with the Fourier transform of incident Gaussian
pulse signal. The green dotted curves in Fig. 3.5(a) and (c) represent the
simulated spectra on positive and negative pyramids SERS substrates. The
simulated spectra for positive pyramids shows a major dip around 810nm
while the result for inverted pyramids show the major dip around 785 nm,
which matches the measurement results, showing that the inverted pyramids
substrate is more resonant at 785 nm. Both measurement and simulation
indicate that the different SERS enhancement factors on positive and in-
verted pyramids substrates are attributed to plasmon resonance at different
wavelengths.
In additional to the plasmon resonance, we propose another reason for the
enhancement factor difference by looking at the electric field distribution in
simulation. Figure 3.5(b) and (d) show vertical cross-sections of normalized
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Figure 3.5: Spectroscopic reflection measurement and 3D FDTD simulation
of positive and inverted pyramids with 200 nm gold coating. (a) Measured
reflection spectra (red solid curve) and simulated reflection spectra(green
dotted curve) of positive pyramids replica SERS substrate.(b) Normalized
scattered electric field distribution on positive pyramids at the excitation
wavelength of 785 nm. (c) Measured reflection spectra (solid curves) and
simulated reflection spectra (green dotted curve) of inverted pyramids
SERS substrate. (d) Normalized scattered electric field distribution on
inverted pyramids at the excitation wavelength of 785 nm.
local electric field distribution on positive pyramids and negative pyramids
SERS substrate simulated in 3D FDTD model at the excitation of 785 nm.
From Fig. 3.5(b), we can see that for positive pyramids, the electric field
is more enhanced, or plasmonic energy more concentrated on the tips of
the pyramids and the region between two adjacent pyramids. As shown in
Fig. 3.5(d), for inverted pyramids, the electric field is more enhanced on the
side wall of the inverted pyramidal well near the pit. That can be another rea-
son why the inverted pyramids substrate works better for SERS. Intuitively,
after the R6g solution is deposited on the inverted pyramids substrate and
let dry, the molecules are more likely to stay on the side wall of the pyramidal
well, especially near the pit, where the electric field is enhanced most accord-
ing to the simulation. For positive pyramids substrate, very few molecules
will stay on the tip of pyramids, not to mention being suspended in the region
between pyramids. Actually the molecules are more likely to stay on the side
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wall of pyramids and the flat spacing surface between the pyramids, where
the field enhancement is very weak according to the simulation. Briefly put,
the stronger Raman enhancement of the inverted pyramids SERS substrate
is because the SERS hot spots are where the molecules most probably reside.
3.5 Discussion and future work
So far we have demonstrated the fabrication process, SERS measurement, op-
tical reflection characterization and FDTD simulation of both positive and
inverted pyramids replica SERS substrates. However, there are several ques-
tions to answer.
One question is whether the inverted pyramids substrate works better than
positive pyramids in SERS. The answer is: not necessarily. Even though
our experiments show the Raman enhancement factor of inverted pyramids
substrate is much higher than that of positive pyramids substrate, that does
not mean that is always the case. As we explained, one reason is the plasmon
resonance matching the excitation for inverted pyramids. Since the plasmon
resonance is determined by several factors including the refractive index of
media, shape and size of the pyramid, the layout and periodicity of the
pyramid array, we can tune the plasmon resonance by changing these factors.
For instance, we can try SERS or reflection measurement when the substrates
are immersed in different media such as oil or water for comparison. Actually,
the positive pyramid has a significant advantage, its sharp tip, which is able
to dramatically enhance the local field due to lighting rod effect. It was
demonstrated that the sharper the tips, the stronger the field enhancement
as well as the SERS [34]. For those reasons, we believe that if tuned to
be plasmon resonance matching with excitation and in the situations when
the analytes are more likely to aggregate on the top, positive pyramids may
perform excellently in SERS.
Since we have demonstrated that inverted pyramids substrate and Klarite
substrate have almost identical enhancement factor, another question is what
good are SERS substrates made by CTM? In addition to the low cost, high
throughput, simple and convenient fabrication process, the plastic substrate
has some other strengths. Firstly, it is easy to make two complementary
replicas with respect to each other. Secondly, replica molding is so versatile
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that a variety of surfaces can be replicated. Above all, plastic has an over-
whelming advantage in its flexibility. Its malleability and resilience allow
the plastic substrate to be stretched and bent, making it compatible and in-
tegratable with MEMS. Furthermore, the optical property may be changed
by the deformation, indicating the plasmon resonance is tunable with the
flexibility.
The third question is: Does the plastic replica SERS substrate have some
limitations? To be honest, it does. As mentioned before, the plastic Raman
interference issue and heat melting issue are already solved by our CTM
process. We observed another headache for plastic substrate, the peeling off
issue. As the adhesion of metal with plastic is much weaker than that of
metal with silicon, the metal film on plastic substrate is easier to peel off, es-
pecially when the liquid sample is kept on the substrate for fairly long. Long
incubation is often indispensable for biological applications such as protein
functionalization. Fortunately, we found the peeling off most probably hap-
pens when the liquid gets to the edge of the substrate where the interface of
plastic and metal is exposed, so it can be prevented by sealing the edge with
tape or wax.
In summary, we still have a lot of work to do in the future. Firstly, to
optimize SERS, we will try to tailor the plasmon resonance of the plastic
pyramids substrates to match the excitation wavelength with the methods
including using media with different refractive index, changing the size and
layout of the pyramids by designing different templates or by bending and
stretching of plastic substrates. Secondly, to completely prevent peeling off,
we will try to find a way to improve the adhesion of metal and plastic.
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CHAPTER 4
APPLICATION OF SERS IN DETECTION
OF WATER CONTAMINATION
4.1 Overview
It has long been known that some plastic containers can contaminate their
contents and may be harmful to health. For example, bottles for water were
found to be contaminated by antimony leaching from polyethylene tereph-
thalate (PET) [39]. The plasticizer bisphenol A (BPA) which is used in the
production of polycarbonate is widely found in drinking water and is re-
ported to stimulate cell apoptosis [40]. A sulfoxide oxidative product along
with a sulfone oxidative of didodecyl 3,3-thiodipropionate (DDTDP) that is
used to prevent oxidative degradation of synthetic polymers leaching from
the polypropylene tubes had been reported and the chemicals were identified
with mass spectroscopy [41]. Plasticizers outgassing from o-rings can lead to
undesired ion-molecule chemistry in an electrospray quadruple ion trap mass
spectrometer [42]. Recently it was reported that compounds such as di(2-
hydroxyethyl) methyldodecylammonium (DiHEMDA) and 9-octadecenamide
(oleamide) leaching from polypropylene tubes hamper the measurements in
DNA and proteins assays [43].
Even though in most cases the leaching compounds from plasticware are in
negligible amounts that are unlikely to be toxic, they may distort experiment
results, especially in highly sensitive biochemical experiments. Due to the
widespread use of plastic containers both in daily life and in the laboratory,
it is imperative to detect the contaminants leaching from the plasticware in
a simple and fast way. In most of the previous works, mass spectroscopy was
used to identify the leaching compounds. Reliable as it is, mass spectroscopy
has some limitations. Usually the sample preparation to data acquisition
processes in those instruments are time-consuming and may take hours. Also,
to get a sufficient amount of leaching compounds, a large amount of sample
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solution needs to be vaporized. The mass spectrometer instrument tends
to be complicated and huge, and has special requirements for the operation
environment and so it is hardly portable. To identify the structure of the
compound, the molecules need to be broken into fragments with certain
techniques such as high energy electron bombardment [44]. Therefore, the
sample is not reusable.
Observations of anomalous Raman peaks in the SERS experiment of thi-
amine hydrochloride solution led us to examine the potential source of in-
terference from polypropylene centrifuge tubes (PP tubes) as the solution
was stored for about two months before the experiment. We observed those
anomalous peaks at fixed wavenumbers and with constant intensity irrespec-
tive of the concentration of thiamine hydrochloride solution. For comparison,
we also took SERS spectra of freshly prepared thiamine hydrochloride solu-
tion with the same setup and configuration but did not observe those peaks.
In order to confirm the leaching of PP tubes, we perform a SERS experiment
for fresh deionized (DI) water and DI water stored in a similar PP tube for
about two months (we call it old DI water). Those same anomalous Raman
peaks showed up in old DI water but not in fresh DI water. Thus we assert
that the water can be contaminated by PP tubes and those anomalous Ra-
man peaks can be attributed to the chemicals leaching from the PP tubes.
In addition, we took the ultra-violet (UV) absorption spectra of old DI wa-
ter and fresh DI water. We observed two distinct absorption peaks in the
spectrum for old DI water while not in fresh DI water. Further, in order to
identify the source of interference leached from PP tubes, the old DI water
samples were analyzed by GC-MS. The mass spectrometry data revealed that
chemicals leached from PP tubes have low molecular weights (m/z<500 Da;
here m/z is the mass to charge ratio) and the major contaminants may be
phthalic acid. Finally, we have performed SERS and UV absorption experi-
ment for phthalic acid solutions. The characteristic peaks from phthalic acid
correlates well with the earlier observed anomalous peaks from old DI water.
4.2 Interference of SERS spectra by leaching
The sample is prepared by dropping 3 µL of liquid on the SERS substrate.
All the spectra presented here are captured with the integration time of 10
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seconds. To facilitate the visualization and analysis of the Raman peaks, the
autofluorescence background is removed with a modified multi-polynomial
fitting algorithm [21].
Figure 4.1(a) shows the SERS spectra for both old and new thiamine
hydrochloride (TH) solution with the concentrations of 1 µM, 10 µM and 100
µM. The peak at 764 cm−1 showing up on all curves must come from thiamine
hydrochloride since it varies with the TH concentration. We also confirm this
peak with regular Raman spectra of 10 mM TH solution. The strong peak
at 764 cm−1 is generally attributed to the pyrimidine ring breathing mode
of TH [45]. A closer comparison of 10 µM TH solution in old water revealed
two anomalous peaks at 1008 and 1047 cm−1 which did not show up for TH
solution prepared with fresh water (Fig. 4.1(a)). In fact, the peak at 1047
cm−1 consistently showed up with almost identical intensity for all old TH
solution with different concentrations. Figure 4.1(c) shows the averaged peak
intensities at the wavenumber of 764 cm−1 and 1047 cm−1 along with their
standard deviations over 10-20 measurements of old TH solution at different
locations on the substrates. It clearly shows that as the concentration of TH
goes down, the peak at 764 cm−1 also goes down (which is the characteristic
peak for TH) while the intensity of the peak at 1047 cm−1 remains almost
the same. Also, because the peak at 1047 cm−1 is absent in all TH solution
prepared with fresh DI water, we can conclude that the old water must be
contaminated by some chemicals giving a Raman peak at 1047 cm−1.
As we already know that old samples are contaminated by something which
can interfere with the SERS experiment, three questions remain to be an-
swered here: What are those contaminants? Where do the contaminants
come from? What is the concentration of the contaminants?
To answer the first question, we performed mass spectroscopy (MS) to
indentify the contaminants. The GC-MS spectra showed nine different peaks
for the old water sample (Fig.4.2). To interpret the mass spectra, the in-built
Wiley and NIST libraries were used. The chemicals found are mostly low
molecular weight (m/z<500 Da). The various peaks predicted to correspond
to benzaldehyde, 4-methyl (peak-1 or PK-1) with a mass of 91 Da, decane, 1-
chloro (PK-2) with mass between 43 and 91 Da, 2-methyltetradecan (PK-3)
with mass between 41 and 211 Da, phenol, 2,4-bis[1,1-dimethylethy-] (PK-8)
with a mass 191 Da and benzoic acid, 4-methyl-(PK-9) with mass between 65
and 136 Da. Analysis of major peaks of MS revealed that water leachates are
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Figure 4.1: (a) SERS spectra of old and fresh thiamine hydrochloride (TH)
solution of the concentrations of 1 µM, 100 µM and 100 µM. (b)
Comparison of the SERS spectra for TH solution with the concentration of
10 µM (zoomed in image for the cropped region on (a)). (c) Averaged
intensities along with the standard deviations of the Raman peaks from old
TH solution with 3 different concentrations for the wavenumbers of 764
cm−1 and 1047 cm−1. Adapted from [6].
heterogenous mixtures of small molecules and phthalic acid may be the major
chemical that is leaching in to the water. It is also well known that phthalic
acid is generally used as a plasticizer to make the plastic flexible [46]. In
addition, phthalic acid (PA) along with its ester derivatives are widely used
as additives in polymer synthesis [47]. The other chemicals found by GC-
MS may have come from fragmentation of different biocides, slip agents or
oxidants used in the manufacturing of PP tubes (owing to the low molecular
weights of those chemicals). We decided to continue our experiment with
phthalic acid as a reference for our subsequent analysis.
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Figure 4.2: (a) GC-MS spectra of old water showing the two peaks
corresponding to contaminants. The details of the contaminants are in the
supplementary materials. (b) GC-MS spectra of old water showing more
peaks at larger retention time corresponding to contaminants. Adapted
from [6].
4.3 Identification and concentration estimation of
contaminants using SERS and UV-absorption
In order to confirm the presence of phthalic acid (PA) in the leachants, we first
performed the SERS of PA with different concentrations. The key vibrational
signs are situated in between 700 cm−1 and 1700 cm−1, which agrees well with
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the literatures [48],[49],[50],[51]. The Raman vibrational assignments of PA
has been made independently by different authors. Briefly, the strong peak
at 1047 cm−1 is due to C-H wagging, 1141 cm−1 is attributed to C-H bending
mode (9a in Wilson notation), 1308 cm−1 is the benzene ring torque mode
(3 in Wilson notation) and 1450 cm−1 is the ring breathing vibrational mode
(19a in Wilson notation). Furthermore, we compare the SERS spectra of
fresh Millipore water and old Millipore water stored in PP tube. Figure 4.3(a)
shows the comparison between the SERS spectra of fresh water, old water
and PA solution with the concentration of 1 µM and 10 µM. Clearly, two
distinct peaks at 1047 cm−1 and 1141 cm−1 as well as two slightly weak peaks
at 1308 cm−1 and 1442 cm−1 showed up in the SERS spectra for old water.
The SERS spectra of fresh water and that of reference background (substrate
itself) did not reveal any distinct peaks (Fig. 4.3(a)). Due to the similarity
in SERS spectra of old water and that of PA characteristic peaks, we believe
that the contaminants in old water have structure similar to PA. The SERS
measurement also agrees well with the GC-MS prediction of phthalic acid as
suspected contaminants. To estimate the concentration of the contaminants,
we compare the observed characteristic peak intensity of old water with that
of PA with different concentrations. To be more reliable and statistically
accurate, we take the average of the intensities from 15-20 measurements at
different locations on the SERS substrate for the four characteristic peaks
as shown in Fig. 4.3(b). As shown in Fig. 4.3 (a) and (b), the Raman peak
intensities of old water falls in between those of 1 µM and 10 µM PA solution.
Hence, we can conclude that the derivatives of phthalic acid in the old water
are within the concentration range between 1 µM and 10 µM.
In addition to GC-MS and SERS measurement, ultraviolet (UV) absorp-
tion spectroscopy is also used to confirm and evaluate the suspect contam-
inants. Compared with SERS and GC-MS measurement, UV absorption
works better for quantitative analysis though with lower sensitivity. In our
experiment, a quartz cuvette containing the liquid sample is put in an Evolu-
tion 60 UV-visible spectrophotometer for absorption measurement. For cal-
ibration of instrumental error, another empty cuvette is used for reference.
The scanning wavelength range is from 190 nm to 350 nm, the scanning step
is 0.5 nm and the integration time for each step is 1.5 seconds. We measured
for fresh water, old water and phthalic acid solution with different concen-
trations, shown in Fig. 4.4. The measured UV absorption spectra of phthalic
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Figure 4.3: (a) SERS spectra of fresh water, old water and phthalic acid
(PA) solution with the concentration of 10 µM and 1 µM and the bare
substrate itself as reference. (b) Averaged peak intensities of old water and
phthalic acid (PA) with different concentrations at the wavenumber of 1047
cm−1, 1141 cm−1, 1308 cm−1 and 1442 cm−1. Adapted from [6].
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Figure 4.4: (a) Ultraviolet (UV) absorption spectra for fresh water, old
water and phthalic acid solution with the concentration of 100 nM, 1 µM,
2.5 µM, 5 µM, 7.5 µM, 10 µM, 100 µM. (b) Curve fitting to the absorbance
at the peak around 200 nm on (a) for phthalic acid with the concentration
of 1 µM, 2.5 µM, 5 µM, 7.5 µM, 10 µM. The dotted line indicates the peak
height for old water and its corresponding estimated concentration.
Adapted from [6].
acid solution correspond to that in the literature [52]. Comparing old water
and fresh water, the absorption of old water is generally higher than that
of fresh water over the whole wavelength range and it shows several peaks.
Fresh water gives nearly zero absorbance over the wavelength range. The
strong absorbance for old water in the range 190 nm - 350 nm points to the
presence of contaminants which can absorb UV light. We compared the UV
absorption spectra of old water and that of phthalic acid with different con-
centrations (Fig. 4.4(a)). The absorption of phthalic acid solution increases
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with the concentration while the shape of the absorption spectra remains
the same. The absorption spectrum for phthalic acid showed three distinct
peaks at the wavelengths of 200 nm, 236 nm and 282 nm. We found that
the absorption spectrum of old water is very similar to that of phthalic acid
with distinct absorption peaks appearing at 200 nm and 236 nm respectively.
This shows that the contaminants in old water, which absorb UV light, have
similar structure with phthalic acid. Above all, the concentration of suspect
contaminants in old water falls between 1 µM and 10 µM because of the
fact that the absorption curve for old water situates in between the curves
for 1 µM PA solution and 10 µM PA solution, and from the interpolation
of the peak intensity for old water we estimate the concentration of suspect
contaminants at 2.1 µM. (Fig. 4.4(b)).
In conclusion, the UV absorption spectroscopy confirms the chemical iden-
tified by GC-MS and SERS measurements. The contaminants are the deriva-
tives of phthalic acid which contaminates the sample. With SERS and UV
absorption spectroscopy, we estimate the concentration of contaminants as
between 1 µM and 10 µM.
4.4 Discussion
Even though we have extensively studied the identity of the contaminants
leached from PP tubes and managed to estimate their concentration, there
are still some questions to address for more thorough understanding. Also
we would like to share and discuss some interesting observations. First of all,
the mechanism behind leaching of chemicals from the tube and the dynamics
such as how fast they leach are still unknown. The sample we used for testing
is about two months old but what happened during the first few weeks, days
or even hours? As the contaminants we identified are not a single compound,
which one will leach first or faster? How do the temperature, pH value and
polarity of solvent affect the leaching process? Does the leaching ever reach
a saturation and thus the concentration of contaminants no longer increase?
All those questions can be systematically investigated with SERS and UV
absorption spectroscopy. But they are not covered in this thesis due to
limited time and space.
Secondly, we observed that some peaks of phthalic acid are shifted for dif-
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ferent concentrations. Shown in Fig. 4.3, the peak seen at the wavenumber
of 1075 cm−1 for the concentration of 1 mM and 100 µM is shifted to 1047
cm−1 for the lower concentration of 10 µM, 1 µM and 100 nM. The old water
also shows the Raman peak at 1047 cm−1 as phthalic acid with lower concen-
trations, shown in Fig. 4.1(a). Although there is some evidence to show the
SERS peaks of phthalic acid are shifted in different pH and concentrations
[53], the reason for the frequency shift for different concentrations here, we are
inclined to believe, is the difference in types of adsorption. Since the phthalic
acid molecule is adsorbed to the surface of silver substrate after the droplet
is dry, pH value does not make sense in this case. But the concentration does
make a difference for adsorption. If the concentration is high, multi-layers of
molecules will cover the surface, so most molecules are physically adsorbed
to the surface (physisorption or weak van der Waals force). With low con-
centration, the molecules are more likely to form a monolayer on the surface;
thus, most molecules will directly contact and form chemical bonds with the
silver surface, a phenomenon called chemical adsorption (chemisorption). It
is well known from charge transfer theory that chemisorption may result in
peak frequency shift in the SERS spectra [4].
Thirdly, even though SERS spectra and UV absorption spectra for old
water match well with those of suspect contaminant phthalic acid, they are
not perfectly identical. In Fig. 4.1(a) the Raman peaks at 1308 cm−1 and 1422
cm−1 are not so prominent for old water as for phthalic acid. In Fig. 4.3(a) we
can see that the absorption peak around 200 nm for old water is at a slightly
lower wavelength than that for phthalic acid. Since we have identified the
contaminants as derivatives of phthalic acid rather than the phthalic acid
itself, there may be some differences in the structure of the contaminants
and our standard chemicals, both of which are reflected on the SERS and
UV absorption spectra.
Finally, four major peaks at the wavenumber of 1047 cm−1, 1141 cm−1,
1308 cm−1 and 1442 cm−1 are observed for both old water and phthalic acid,
while only the one peak at 1047 cm−1 is significant for thiamine hydrochlo-
ride solution in old water, shown in Fig. 4.1(a). The explanation we come
up with for this is that the Raman spectra of mixtures is basically not a su-
perposition of Raman spectra of each individual compound, especially when
the compounds are polar. For the polar compounds, even though they do
not react with each other, they are more likely to interact with each other on
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the molecular level thus changing the conformation, which can be reflected
in the Raman spectra [54]. Neither phthalic acid nor thiamine hydrochloride
seems to be non-polar here.
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CHAPTER 5
APPLICATION OF SERS IN PEPTIDE
ENZYME SENSING
5.1 Overview
Currently, enzyme activity assays rely on direct or indirect detection meth-
ods, such as mass spectrometry, acoustic resonance, radioactivity, fluores-
cence, or antibodies [55],[56],[57]. Some assays reach good sensitivity but gen-
erally only allow end-point measurements, suffering artifacts, limited speci-
ficity and laborious labeling, while others continue being highly specialized
instrumentations requiring large amounts of samples for low throughput ca-
pabilities. We believe this issue could be resolved by developing a hyper-
sensitive nanophotonic device capable of directly measuring atomic modifi-
cations occurring on probes which would act as enzymatic targets and be
densely organized at the surface of a biocompatible chip. Accordingly, we
considered surface enhanced Raman spectroscopy (SERS) as a potentially
adequate method to systematically capture the “optical fingerprint” of any
molecule.
5.2 Detection of peptide phosphorylation with SERS
Protein phosphorylation in particular plays a significant role in a wide range
of cellular processes including causing or preventing the mechanisms of dis-
eases such as cancer and diabetes. Thus we tried to identify changes within
SERS profiles that reveal the phosphorylation state of peptide probes. Fig-
ure 5.1 shows how protein-enzymes activity sensing is carried on with SERS
platform.
To monitor directly the activity of myriad enzymes, a universal, high
throughput approach resembling microarray platforms commonly used to
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Figure 5.1: Conceptual nanophotonic sensor array supporting the profiling
of protein-enzymes activity. (a) Such nano-sensing probes could either be
naturally occurring peptide target sequences extracted from protein
substrates, or semi-random amino acid sequences capable of being
recognized and modified by enzymes. (b) These probes would serve as
specific beacons for enzymes and, in principle, could directly report on the
functionality of enzymates in real time. Adapted from [9].
profile gene expression or genomic content could rely on optically reactive
sensing probes tightly deposited on biocompatible arrays. Chemical changes,
such as phosphorylation triggered by kinases, and occurring on specifically
recognized probes, would have to be detectable and measurable.
We first used a glycine-based peptide containing a tyrosine residue mod-
ified, or not, with a phosphate group to model probe aptitude at reporting
tyrosine-kinases activity. We found that the specificity and magnitude of
SERS signals were significantly altered between the two states, shown in
Fig. 5.2(b). Figure 5.2(a) is the heat-map conversion and clustering of pro-
files obtained from two-dimensionally scanned spots further establishing that
SERS signals from phosphorylated and non-phosphorylated peptides were
stable and systematically separable. Other tested peptides, including ones
previously used in tyrosine-kinase assays (IYGEFKKKAAC) or known as
regulatory sites of oncogenic Src kinases (IEDNEYTARQGGC), confirmed
nanoSERS was sensitive enough to capture different SERS signals depending
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on the peptides’ phosphorylation state, shown in Fig. 5.2(c),(d).
Figure 5.2: Phosphorylated and non-phosphorylated amino acid probes can
be categorically distinguished at the surface of SERS substrate. (a)
Hierarchical clustering of color-coded SERS profiles is shown. SERS profiles
of phosphorylated versus non-phosphorylated GGGGGGGYGGGGGGGC
(b) IYGEFKKKAAC (c) and IEDNEYTARQGGC peptides (d). Typical
graphical representation of intensity variations along Raman shifts shows
that different amino acid sequences (and their phosphorylated status) can
be systematically discerned. Adapted from [9].
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Finally, data anonymously collected from randomly organized sample spots
and subjected to unsupervised hierarchical clustering, verified that all signals
collected from SERS substrate were unique and discernable. Hence, probes
and phosphorylated probes could be unequivocally detected and differenti-
ated at the surface of our SERS substrate.
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CHAPTER 6
CONCLUSION
One kind of black silver SERS substrate was produced with the HBr-O2
plasma process. The approach to conduct SERS experiments and analyze
the spectra was introduced. In characterization of the SERS substrate, the
sensitivity and uniformity of our substrate were evaluated. The enhance-
ment factor was calculated as 6.38×107. Based on this dark silver SERS
substrate, detection of chemical contaminants leached from lab-use plas-
ticware was demonstrated as an example in black silver SERS substrate’s
sensing application. We also demonstrated a low cost, high throughput and
convenient process to make both positive and inverted pyramids substrates
by replica molding for the purpose of SERS. We measured and compared
the SERS enhancement factor on both substrates and found the inverted
pyramids substrate works much better than the positive pyramids array for
SERS. Based on optical reflection measurement and FDTD simulation re-
sult, we propose two explanations for the enhancement factor difference: the
plasmon resonance matching and SERS “hot spots” distribution. In the end
we discussed the advantages and limitations of this technique and proposed
future research directions.
We confirmed that the polypropylene centrifuge tube may contaminate its
liquid contents by leaching chemicals as derivatives of phthalic acid. Even
though low in concentration, the contaminants may interfere with the results
of some highly sensitive analytical measurements such as SERS. GC/MS
was used for the identification of the contaminants and with the identity
of the suspect contaminants known; SERS and UV absorption spectroscopy
were used to confirm the contaminants and to estimate their concentrations.
The measurement results of three spectrometric techniques agree with each
other well. With UV absorption spectroscopy, we precisely measured the
concentration of derivatives of phthalic acid in water stored in PP tubes for
two months at 2.1 µM. We propose SERS and UV absorption spectroscopy
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as two sensitive, simple and quick techniques to detect the contaminants
leached from PP tubes. We managed to identify changes within SERS profiles
that reveal the phosphorylation state of peptide probes carrying on protein-
enzymes activity sensing with the SERS platform.
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